Abstract In the present study, we analyzed the coexistence pattern of the Lusitanian pine vole (Microtus lusitanicus) and the Mediterranean pine vole (Microtus duodecimcostatus) in a potential area of sympatry in a Mediterranean landscape (Portugal). We also determined the relative contribution of local, landscape, and spatial factors explaining the differences in the distribution patterns of the two species in the region. Using a kriging interpolation method, we obtained a map of sympatric and allopatric areas of species occurrence. The estimated sympatry area corresponded to a northwest-southeast belt representing 11.3% of the study area. Habitat niche differences were assessed with binomial GLMs followed by a variance partitioning. At a local scale, higher altitude, higher cover of shrubs, lower clay content in the soil, and lower cover of tree canopy were the most important factors distinguishing M. lusitanicus presence sites from those with M. duodecimcostatus. At a larger scale, the presence of forest landscape units and the low abundance of ''montado'' units were the most influencing landscape factors in the identification of M. lusitanicus occurrence sites when compared to M. duodecimcostatus. Our results suggested that local coexistence of M. lusitanicus and M. duodecimcostatus in the field is a rare event. The differences in distribution patterns of the two pine vole species were mostly explained by fine-scale environmental factors and by shared spatial effects.
Introduction
Mechanisms and limits to species coexistence can often be best revealed in zones of sympatry between closely related species (Grant 1972; Nicholls and Racey 2006; Spaeth 2009 ). Coexistence may be allowed, for instance, by character displacement, or some form of resource partitioning (Rosenzweig 1991; Morris 1996; Case and Taper 2000; Schluter 2000; Jones et al. 2001; KronfeldSchor and Dayan 2003; Spaeth 2009) . A central focus of the theory of density-dependent habitat selection is to explain patterns of species distribution and abundance by understanding how coexisting species share and divide resources. Most studies contributing to this issue involved tests of species interactions, and produced interesting theoretical models, including isodars (i.e., a line in the state-space of habitat densities where fitness is equal in each habitat, but along which fitness varies; Morris 2003) , isolegs (i.e., a line in the state-space of species densities along which the choice of habitat is equal; Rosenzweig 1991), or a combination of both (Rosenzweig 1981 (Rosenzweig , 1991 Abramsky et al. 1990; Morris 1996 Morris , 1999 Morris , 2000 Schmidt et al. 2000) . The majority of these studies showed that habitat partitioning was the main mechanism of species coexistence, as a consequence of competition differences among habitats (e.g., Abramsky et al. 1990; Rosenzweig 1991; Morris 1996) . These theories, based on density-dependent habitat use and analysis of competitor isoclines (whose slopes estimate the average magnitude of competition), led to major advances in the understanding of species coexistence (Morris 1999 (Morris , 2003 . Within this view, interspecific competition is often referred as an important process affecting the distribution and abundance of animals, at scales ranging from a single microhabitat to the entire mapped geographical distribution of a species (Connor and Bowers 1987; Austin 2002; Arif et al. 2007) . Indeed, one of the consequences of interspecific competition between closely related species can be the presence of spatial segregation (Connor and Bowers 1987; Morris 1999; Chesson 2000; Amarasekare 2003; Pita et al. 2010) , although the observation of such segregation is not, per se, indicative of competition (Connor and Bowers 1987) . However, before the assessment of the mechanisms underlying species coexistence, it is first necessary to define areas of sympatry and allopatry as objectively as possible. Further insights for detailed experiments on those mechanisms can then be obtained by species distribution maps that link habitat descriptors to abundance or presence/absence data.
There are several documented cases of spatial segregation and parapatry among small mammals, as in European shrews (Sorex araneus and S. coronatus; Neet and Hausser 1990) , in pocket gophers (genera Geomys, Cratogeomys, and Thomomys ; Miller 1964) , in African rodents (Mastomys coucha and M. natalensis; Venturi et al. 2004) , and as a general rule in strictly subterranean rodents (Nevo 1979) . However, for some microtine species, many examples can be found that report varying scales of coexistence and sympatric populations (e.g., Douglass 1976; Whitney 1976; Randall 1978; Spaeth 2009 ).
When studying species-habitat relationships, it is well known the need to consider more than one spatial scale, in order to account for variation in the scale of habitat use by different species (Morris 1984 (Morris , 1987 Wiens 1989; Kotliar and Wiens 1990; Orians and Wittenberger 1991; Sua´rez-Seoane and Baudry 2002) . This variation is influenced by how habitat features are perceived and used by different species (Wiens 1996; Sua´rez-Seoane and Baudry 2002) . Different physiological, morphological, and behavioral characteristics of species, such as body size, ability to move, avoidance of predators, and resource use (Farina 2000) are responsible for variation in scales of perception and habitat use by animals (Wiens 1996; Sua´rez-Seoane and Baudry 2002) .
On the other hand, it is also important to consider spatial effects, because spatial autocorrelation is often present in species distribution datasets, and when it happens, the importance of some species-habitat relationships may be overestimated (Legendre 1993) .
The Lusitanian and the Mediterranean pine voles (Microtus lusitanicus Gerbe, 1879 and Microtus duodecimcostatus de Selys-Longchamps, 1839) are Western European endemisms, with similar and marked burrowing behavior (Giannoni et al. 1993; Cotilla and Palomo 2007; Mira and Mathias 2007) . In addition, the two voles are sister species, derived from a common and unique ancestor (Jaarola et al. 2004) . Microtus lusitanicus is the smaller one (14-19 g), and is distributed in the northwest of the Iberian Peninsula and in the French Pyrenees. M. duodecimcostatus is a slightly larger vole (19-32 g) and occurs in the south-center of the Iberian Peninsula and in southern France (Cotilla and Palomo 2007; Mira and Mathias 2007) . In Portugal, the two species have a general allopatric occurrence pattern with a predicted area of sympatry in the center of the country (Madureira 1984; Santos et al. 2009b) . Specifically for this area, there is no detailed information that reports or quantifies the coexistence of the two species at finer scales. Both species occupy preferentially open habitats, natural and agricultural (Cotilla and Palomo 2007; Mira and Mathias 2007) , in close association with verges (Santos et al. 2010b) , and both species feed on roots, tubers, fruits and other parts of plants (Vinhas 1993; Cotilla and Palomo 2007; Mira and Mathias 2007) . In this sense, it would be valuable to detail and quantify coexistence patterns of these voles in the predicted sympatry area, and obtain more information on niche differences among them. When regional distribution maps are combined with habitat descriptors and spatial factors that distinguish the distribution of the two species, then insights on mechanisms of species coexistence should become clearer.
In this paper, we present the first steps in quantification of coexistence patterns of two similar sister species of pine voles, Microtus lusitanicus and M. duodecimcostatus, in a Mediterranean landscape, followed by an assessment of habitat niche differences between them, at two spatial scales. In particular, our questions were: (1) can local coexistence patterns between these species be explained by a detailed analysis of differences in habitat niche?; and (2) what are the relative contributions of local, landscape, and spatial factors in explaining the differences found?
As stated above, most frequent results on sympatric species show that habitat selection is the mechanism that permits local coexistence (Rosenzweig 1991; Morris 1996) . We thus hypothesize that pine voles should reveal differences in habitat use in order to make possible local coexistence in areas of sympatry. Moreover, it has been argued that larger animals tend to observe landscape features over longer distances and, thus, perceive the landscape to a larger spatial extent (Mech and Zollner 2002; Gehring and Swihart 2003) . According to this, rodents should have higher costs for movement and a lower perception of landscape structure when compared to larger mammals (Wiens 1996) . Within rodents, microtines are known for being less vagile and having smaller home ranges than non-microtines (McNab 1963) . The two pine voles studied here are both smallsized, and both have burrowing habits (Giannoni et al. 1993) , indicating a further lessening of vagility relative to other surface-dwelling microtines. Based on these considerations, we further hypothesize that local-scale features should play a major role in segregating occurrence sites of both species when compared to landscape factors.
Methods

Study area
The study area is located in the northern Alentejo (UTM 0635030 W 4350608 N, Portalegre district, Portugal), covering an area of 1,613 km 2 . The study area includes a hilly landscape (Sa˜o Mamede Mountain) and a lowlands landscape (Cancela d'Abreu et al. 2002) . The lowlands are characterized by open fields with low fragmentation, scattered oak trees with varying densities, called ''montado'' (Pinto-Correia 1993) , sometimes interspaced with polycultures close to the villages (Cancela d'Abreu et al. 2002) . The mountain of Sa˜o Mamede has contrasting characteristics when compared to surrounding lowlands. It presents a marked relief with 1,025 m a.s.l. at the highest point and extensive areas above 600 m a.s.l. The high geologic and microclimatic diversity of the mountains results in a higher heterogeneity in land uses (Cancela d'Abreu et al. 2002) .
The climate is Mesomediterranean with a mean temperature of 7.4°C in January (3.1-11.7°C) and 24.7°C in , and an annual rainfall of 717 mm (Rivas- Martı´nez and Arregui 1999; Ninyerola et al. 2005 ).
Vole sampling
From September 2006 to May 2007, 175 trapping plots were sampled across the study area. In each plot, ten subterranean live-traps of multiple captures (''mole type'') were set up in underground tunnels for three consecutive nights. The traps were provided with apple as bait and hay for bedding. The location and selection of trapping plots was dependent on finding enough surface presence signs to allow the set up of all ten traps (burrow openings and (or) soil mounds; Santos et al. 2009a) . Efforts were made to sample habitats in proportion to their availability. Each plot was sampled only once.
Captured voles were identified on the basis of body measurements: the hind feet length (HFL: M. lusitanicus < 16 mm > M duodecimcostatus), body length (BL: M. lusitanicus < 105 mm and M duodecimcostatus > 89 mm), and color pattern (Madureira 1982 (Madureira , 1984 . Plots with captured voles, assigned to one or the other species, were considered as presence plots in further analyses, while the plots with no pine vole captures were discarded. Fifty-six absence plots of 10-m radius were additionally defined throughout the study area. The criterion for accepting an ''absence plot'' was the lack of any superficial presence signs of pine voles or moles (as there are reports of voles using mole tunnels; authors personal observation), after a careful search of 20 min. No trapping was undertaken at these plots.
Environmental variables
The environmental data were collected at two scales of analysis: local and landscape. The local level was defined as the surface occupied by the traps (16-630 m 2 , mean 62 m 2 ; 0.0062 ha) at the presence plots, while the landscape level was defined as a 250 m radius surrounding the center of the sampling plot (196,250 m 2 ). The local scale should correspond to high intensity of use within the home range of pine voles, as 62 m 2 is much lower than the mean home range of M. lusitanicus (952 m 2 ; Santos et al. 2010a) . The 250-m radius was selected as a reasonable approximation of the dispersal distance of voles, as considered in other similar studies (Delattre et al. 1999) .
At the local level, we recorded 20 variables belonging to six categories: topography, local habitat, vegetation structure and composition, grazing, verges, and soil properties (Appendix). Most variables concerning vegetation structure and composition were surveyed in two to five 1 · 1 m quadrats (as the size of the trapping plots varied) by stratified random sampling (Kent and Coker 1992) . These variables included cover percentages of bare soil, herbaceous layer, woody vegetation (under 3 m height), grass species, composite species, and mean herbaceous vegetation height (obtained after ten random measures in each quadrat). Cover percentages of tree and shrub layers were obtained through visual estimation for the entire sampling plots (Bullock 1996) . The herbaceous vegetation was clipped in two to four 0.30 · 0.30 m sub-quadrats per plot (Pucheta et al. 1998) . To obtain data on dry vegetation biomass, samples from sub-quadrats were oven dried in the laboratory, at 105°C, for 24 h, and weighed afterwards at a 0.1-g precision (Kent and Coker 1992) . The inclusion of this sub-group of variables is justified as vegetation provides food, shelter, and nesting sites for microtines (Rose and Birney 1985; Lin and Batzli 2001) .
Grazing was described as a binary variable. Also, historical (or past) grazing was assessed through the measure of cover percentage of plant species with a prostrated growing that should be indicative of more long-term grazed sites (Lavorel et al. 1997; Sternberg et al. 2000) in 1 · 1 m quadrats (see details above). The negative influence of high grazing pressure on vegetation structure and herbaceous cover for small microtine species has been well documented (Schmidt et al. 2005; Evans et al. 2006) .
Distance to the nearest verge (field margins, hedgerows, roadsides, stone walls, ecotones) was measured from the sampling plot center.
Because pine voles have fossorial habits, soil characteristics at 0.10-0.15 m depth were also described. This depth was chosen as it corresponds to the highest densities of subterranean plant organs and also covers a high number of underground tunnels (Yeboah and Akyeampong 2001) . Soil penetration resistance was measured with a penetrometer (DICKEY-John Soil compaction tester) to a depth of 0.10 m. Ten readings were obtained in two orthogonal transects and the median value calculated for each plot (Martı´nez and Zinck 2004) . At the sub-quadrats with clipped vegetation, two soil samples were collected to assess humidity and texture values. The gravimetric method was used in humidity calculations, with oven at 105°C during 48 h (Martı´nez and Zinck 2004) . The texture analyses were performed by a technical laboratory (Soils Physics Laboratory of Phytotechny Department of the University of É vora).
Variables of landscape composition were established from aerial photographs (flights 2003 and IGeoE) and confirmed during field surveys. Land-cover types were classified in a GIS (Arcview 3.2.; ESRI 1999) with a working scale of 1:2000, and a minimum polygon size set to 190 m 2 . Cover percentages of each land-cover type were then calculated for each 250-m buffer (Appendix). We mapped linear habitats (verges bordering roads, stonewalls and ecotones, and linear dense vegetation) in a distinct category because they are considered potential dispersal habitats for voles (Bennett 1990; Litvaitis et al. 2003; Appendix) .
Landscape metrics were calculated for the nine landcover types and thus, 14 additional variables were obtained for each buffer concerning size, edge, shape, and diversity metrics of the different land cover categories. Globally, the landscape set was described by 23 variables (Appendix).
Spatial variables
The spatial group of variables was defined through an autologistic term, derived from the responses at neighboring cells within 7 km of distance and corresponds to a weighted mean of the inverse of the square distance of the center of each sample plot to each sampled neighbor (Augustin et al. 1996; Dormann et al. 2007) ; and a second-order polynomial of centered spatial coordinates, summing six variables (Appendix).
Data analysis
Interpolation maps of species occurrence
As our environmental explanatory variables were not available as spatially continuous digital layers, prediction of species occurrence patterns as maps with the usual generalized linear models (GLM) or presence-only models (e.g., ENFA, GARP, MAXENT) was unfeasible. The kriging method (Mathereon 1969 (Mathereon , 1970 ) is an interpolation technique that assumes that the distance between sample points reflects a spatial correlation that can be used to explain and model the spatial variability of a variable in the surface. It fits a function to all points within a specified radius, in order to determine the output value for each location. Indicator kriging (Solow 1986 ) is a kriging analysis performed on a binarytransformed sample population taking no assumptions concerning the distribution of the modeled variable(s) (Marioni 2003) .
Two spatial data matrices were built, one for M. lusitanicus with 34 presence and 56 absence plots (n = 90), and another for M. duodecimcostatus with 35 presence and 56 absence plots (n = 91). Each species was first analyzed independently from each other to obtain individual probability maps of occurrence.
A semi-variogram was calculated using the binary variable (species presence/absence) and then we visually fitted theoretical semi-variogram models that were applied for interpolation at unsampled locations to predict the probability of a species' occurrence. No directional effects were observed in four directional semi-variograms, and so, isotropic autocorrelation of the data was assumed (Bivand et al. 2008a) . A cell size of 1 km 2 was chosen for the output maps. In order to validate map estimations of potential species distributions, we performed a leave-one-out cross-validation of the models (Bivand et al. 2008a; Tro¨ltzsch et al. 2009) . A good representation of the data by the variogram model can be assumed if standardized residuals (z scores) have a mean and variance values close to 0 and 1, respectively (Bivand et al. 2008a) .
The output maps of indicator kriging represent the spatial distribution for each species as a continuous probability surface of values ranging from 0 to 1. To obtain occurrence maps, these probabilities must be converted into presence and absence information. The potential occurrence areas were obtained with two threshold values: major presence areas were defined with the standard threshold (0.5), while minor presence areas were defined with a lower value that maximized correct prediction of presence cells (0.29 for M. lusitanicus and 0.30 for M. duodecimcostatus). The chosen threshold values should prevent an underestimation of the regional extent of the species potential distributions, but overestimate the local extent. The definition of two threshold values intends to highlight a gradient in species boundaries, as distribution limits are rarely lines or sharp borders (Fortin et al. 2005) .
The potential distribution maps of both species were overlaid to obtain areas of potential sympatry with the predicted presence of both species (Anderson and Martı´nez-Meyer 2004; Martı´nez-Freiria et al. 2008) . Major sympatry was defined as the areas of major occurrence of both species (standard threshold), while minor sympatry corresponded to the minor presence area of one or both species (sensitivity threshold).
Environmental analysis
For the environmental analyses, we built a presence-only data matrix, concerning the 34 and 35 presence plots of M. lusitanicus and M. duodecimcostatus, respectively. This data matrix combined the species presence and all previously described environmental variables (local, landscape scales) plus spatial variables. Microtus duodecimcostatus was coded as ''0'' and M. lusitanicus was coded as ''1''. The analyses performed here allowed us to investigate the ecological differences between species and to discuss the spatial coexistence between them. These ecological niche differences were analyzed with a multivariate GLM with binomial error structure (Guisan et al. 2002) for each variable set, followed by a variation partitioning procedure (Borcard et al. 1992; Legendre 1993) .
Three sets of explanatory variables were defined: local (LOC), landscape (LAND), and spatial (SPAT). This classification will allow the study of ecological factors involved within each scale, followed by the understanding of their combined effect and relative influence on the niche differentiation of each species. This approach, while accounting for variation in the scale of habitat use by species (e.g., Morris 1987) , should clarify the relative importance among different scales in explaining species coexistence patterns. Moreover, the definition of a spatial component will correct the possible presence of autocorrelation in the data and also quantify its influence on species' distributions (Borcard et al. 1992; Legendre 1993) .
We started our variable selection with a univariate screening of all variables, and considered only those environmental variables for further model development that achieved significant univariate models (p < 0.05; Bussche et al. 2008) . Logarithmic, square root, and cubic root transformations were performed on several explanatory variables to achieve normality. Zeroinflated variables were transformed into binary classes (Appendix). No previous univariate screening of the spatial variables was undertaken due to their reduced number. We performed pairwise Pearson correlations among all continuous independent variables (environmental and spatial) and, if |r| > 0.7, we excluded the one with lower univariate model performance, thus avoiding multicollinearity problems (Tabachnick and Fidell 2001) .
We used the information-theoretical model comparison approach (ITMC; Burnham and Anderson 2002) for selection of variables in multivariate models (Johnson and Omland 2004) . We developed models with all possible combinations of remaining variables (after univariate screening) for each variable set and compared with the Akaike's information criterion corrected for small samples (AIC c ; Burnham and Anderson 2002) . Models with DAIC c, i < 4 (DAIC c = difference between each model AIC c and AIC c, min ) are considered to have substantial support as candidate models (Burnham and Anderson 2002) . If no single model is clearly superior to the others in the set of DAIC c, i < 4, a model averaging approach was performed which bases inference on the entire set of candidate models (Burnham and Anderson 2002) .
We performed a variance partitioning procedure to specify how much of the variation of the final model was explained by the pure effect of each set of explanatory variables, which proportion was derived from their interaction, and how these sets interact together in explaining the variance in pine voles' distributions (Borcard et al. 1992; Legendre 1993; Legendre and Legendre 1998) . As this procedure implies building a full model with all variable sets, we had to establish a maximum number of variables, according to the rule of a minimum of ten cases for each explanatory variable included in the model (Harrell et al. 1996) . To achieve this, only variables with more than 90% of importance value within the best models (DAIC c < 4) of each variable set were considered for variation partitioning calculations. Interactions and quadratic terms were tested on best models (within each set) before variance calculations and retained if a decrease in the AIC c was verified.
In addition to the three single-set models (LOC, LAND, and SPAT), another three joint models (LOC + LAND, LOC + SPAT, LAND + SPAT) and one full model (LOC + LAND + SPAT) were estimated with the previous variables of the three single sets. The explained deviance (D 2 ) was used as a measure of variance explained by each logistic model (Guisan and Zimmermann 2000) .
Model goodness-of-fit was evaluated by explained deviance (Guisan and Zimmermann 2000) and validation graphs. The accuracy in model discrimination was assessed with the area under the receiver operating characteristics curve (AUC). We also calculated the overall correct classification rate (OCC) and the proportion of presences (sensitivity) and absences (specificity) correctly classified, using the prevalence (0.49) as the threshold value (Jime´nez-Valverde and Lobo 2007). Model performance procedures were evaluated independently for the three single models (one variable set), for the three joint models (two sets) and for the full model.
To evaluate the degree of non-independence in error terms, plots of residuals were examined for spatial patterns and the global Moran's I of residuals was tested for significance (Dormann et al. 2007 ). This procedure was done only in single-set and full model.
All statistical analyses were performed with the free software R (version 2. 
Results
Kriging and sympatry maps
In the 69 presence sites analyzed here, local co-occurrence of both species was not found in the field. Figure 1 shows the kriged maps of the probability of M. lusitanicus occurrence in the study area (Fig. 1a) and the respective variance map (Fig. 1b) , showing an increasing presence probability in the northern areas and an increasing uncertainty of predictions in the limits of the study area. The cross-validation produced z scores with a mean of À0.003 and variance of 2.105, suggesting that the variogram model is adequate to the general data.
The probabilities of presence of M. duodecimcostatus in the study area are plotted in Fig. 2a along with respective error variances (Fig. 2b) . Occurrence sites are concentrated in most of the southern areas, while major prediction errors are located at the limits of the study area. The z scores of the cross-validation presented a mean value of À0.006 and a variance of 1.915, indicating that the variogram model describes the data reasonably well.
The area of sympatry obtained from the overlay of both kriged maps is plotted in Fig. 3 , with a calculated surface area of 183 km 2 (11.3% of the regional study area): 178 km 2 of minor sympatry and only 5 km 2 of major sympatry. This northwest-southeast belt is divided into two regions of different size, having a maximum width of 10 km in the west and a width of 3 km in the east. Between these two regions it seems to exist a contact zone (or a parapatric boundary; Bull 1991) separating allopatric regions: M. lusitanicus at the north and northeast, and M. duodecimcostatus at the south and southwest. The estimated sympatric area includes six observed presences of M. lusitanicus and five of M. duodecimcostatus.
Ecological differences between species
Seven variables reached higher importance values (>0.90), thus receiving more support by the candidate models. Altitude, cover of shrubs and trees, and clay content in the soil were selected in the local set; presence of forest and abundance of ''montado'' units in the landscape set; and Y coordinate in the spatial set. In Table 1 , the best single models of each variable set (local, landscape, and spatial) and the full model are presented.
There was a weak spatial pattern in the map of residuals of the three single models and the full model (not shown) revealing mostly low residuals, but with positive residuals in the north and negative residuals in the south. The results on the Moran's I randomization test revealed no significant values of autocorrelation for the landscape set (Moran's I stat = 1.187, p = 0.118), the spatial set (Moran's I stat = 0.106, p = 0.458), or the full set (Moran's I stat = 0.009, p = 0.497). Only the local set revealed a nearly significant spatial autocorrelation in the residuals (Moran's I stat = 1.648, p = 0.050). Even so, the Moran's I results for the full model indicated that the spatial autocorrelation in the models' residuals should not be a problem in the interpretation of results.
All seven models had outstanding discrimination ability (AUC > 0.93) except for the single landscape model set (0.868), although its discrimination power was still high. All joint models containing the local set presented the best performance statistics (AUC > 0.97 and correct classifications > 94%), with maximum classification accuracy for the full model ( Table 2) .
The strongest pure effects resulted from the local model (21.8%), whereas the landscape model presented a minimum value of pure effect (5.5%). The greatest amount of shared variance was explained by the three fractions containing the spatial component (12.9-17.3%). The remaining shared fraction (local + landscape) was extremely low (Fig. 4) .
At the local scale, the most important factors distinguishing the presence of M. lusitanicus from M. duodecimcostatus were the higher altitude, higher cover of shrubs, lower clay content in the soil, and lower cover of tree canopy for M. lusitanicus presence sites. The presence of forest landscape units and the low abundance of ''montado'' units were the most influencing landscape factors in the identification of M. lusitanicus occurrence sites when compared to M. duodecimcostatus. Considering the two scale approaches, the local one presented a higher performance when compared to the landscape scale in explaining the two species variability in distribution patterns. The (pure) importance of the spatial component was much lower than the local component, and considering the sum of the two environmental scales (local and landscape), a better performance was evidenced by the environmental set.
In short, the differences in distribution patterns of the two species of pine voles are mostly explained by finescale environmental factors and by shared spatial effects.
Discussion
Regional occurrence pattern and coexistence Local coexistence of M. lusitanicus and M. duodecimcostatus in the field, although possible, is not a common event, as our estimated area of sympatry was small and, despite a considerable sampling effort, simultaneous co-occurrence of the two species was not confirmed in the field. Previous results indicated that the two species have low abundance in the region and occurrence sites are localized and spatially discontinuous (Santos et al. 2010b) . These characteristics and the average dispersal distances of 100-160 m for some Microtus species (M. pennsylvanicus and M. arvalis; McShea and Madison 1992) may create conditions that shorten the possibilities for local co-occurrence to become common and widespread in the region. Iberian localities with simultaneous presence of both pine voles are commonly cited in literature (e.g., Veiga 1986; Madureira 1981; Brunet-Lecomte et al. 1987; Rodrı´guez and Peris 2007) , and have contributed to the general idea of a sympatric belt through the Iberian Peninsula (Cotilla and Palomo 2007) . However, as these works are based on barn owl (Tyto alba) diet, the documented co-occurrence records correspond to the range of hunting areas of owls (ca. 4 km 2 during the breeding season, and 16-25 km 2 outside the breeding season; Shawyer 1998). In spite of that, we found one study reporting coexistence of the two species in a 1-ha area, in the Spanish Pyrenees (Borghi et al. 1994) .
Our results suggested the existence of a parapatric boundary between sympatric areas, differing from these by the extent of range overlap (Bull 1991) . This variation in the prediction of overlap extent (from sympatry to parapatry) could be explained by a sharp environmental cline (measured or not by us) or by the difficulty in obtaining presence samples of either species for neighboring areas in the region of parapatry. Both explanations are possible, although the one regarding insufficient sample effort is less likely because the kriging error was minimal for the neighborhood of parapatric area. Moreover, species distribution ranges are seldom static through time or at equilibrium, and so sympatric and parapatric areas can be spatial and temporal dynamic (Fortin et al. 2005) . Because both species are living in their range limits and occurrence sites are small and isolated, it is expected that some local extinctions do occur in sympatric areas (for instance, due to reduced genetic variance and local adaptation; Case and Taper 2000) , and these sites could operate as demographic sinks. In a metapopulation structure, for instance, range limits may result from gradients in extinction/colonization rates, and from habitat availability (Case et al. 2005; Holt et al. 2005) , thus having implications in the equilibrium of overlap areas. Accordingly, our predicted parapatric border within sympatric areas must be seen as a ''snapshot'' of the overlap range areas.
Environmental and spatial effects
As initially predicted, pine voles revealed habitat niche differences among them, and local-scale characteristics were the most important in discriminating each species ecological niche. However, there was also a spatial component explaining species segregation in a north and south pattern.
As M. lusitanicus is less fossorial (Vinhas 1993; Mathias 1996) , it should be more dependent on cover protection for occasional surface movements and activity. The high cover of shrubs should be more efficient in providing protection from predators than tree cover, for instance, as owls can use trees as hunting perches (Shawyer 1998 ). In the case of M. duodecimcostatus, a more fossorial species that lives in drier environments, the close proximity of trees (and their roots) ensures both protection from digging predators (foxes and wild boars; King 1985; Borghi et al. 1994) , and higher humidity and lower temperatures in the burrows conditions during the dry season, when compared to the nearby areas outside tree canopy (Joffre and Rambal 1993) .
This less fossorial behavior of M. lusitanicus may also influence other characteristics in habitat selection, such as higher elevations that offer better microclimatic conditions during critical seasons (soil moisture and temperature, and green food during the dry season), and Fig. 4 Results of the variation partitioning for both species data according to the three sets of independent variables: local, landscape, and spatial sets (unexplained: percentage of unexplained variation); the size of circles and overlap are partially scaled according to the values of each component soils with low clay content to allow less energy expenditure in burrow construction. As the range of this species includes major areas of temperate bioclimates (Rivas-Martı´nez et al. 2002) , it is expected that, at finer scales, it prefers fresher and more humid sites, which tend to occur more frequently at higher altitudes within a Mediterranean environment. Indeed, previous results indicated that in this study area the presence of M. lusitanicus was positively associated with more humid soils (Santos et al. 2010b ). These differences in niche patterns could also be related to the physiological traits of the two species as a response to environmental variability. Recent physiological results indicated that the resting metabolic rate of M. duodecimcostatus is lower than the rate of M. lusitanicus (R. Monarca, unpublished data), which could be a strategy for saving water and reducing thermal stress inside the burrows (McNab 1966; Armitage et al. 1990 ).
As predicted, niche differences between M. lusitanicus and M. duodecimcostatus were better explained by finescale factors when compared to landscape ones. This higher importance of local factors was also obtained in a previous research for the presence/absence patterns of each species (Santos et al. 2010b) .
Spatial effects, alone and shared with environmental sets, were also very important in explaining the segregation between the two species. On one hand, shared spatial effects may arise because several local and landscape factors are spatially structured themselves and originate distribution patterns also spatially structured (Legendre and Legendre 1998; Fortin and Dale 2005) . On the other hand, several distinct processes may contribute to the pure spatial component, from unstudied explanatory variables also spatially structured, to contagious biotic processes that may produce spatial structuring of communities (Legendre and Legendre 1998; Fortin and Dale 2005; Bahn and McGill 2007) .
The landscape component contributes to the segregation of the two species mostly through a combined effect between landscape and spatial variables. This means that forest patches are more abundant in the north part of the study area, and ''montado'' habitats dominate in the south. Even so, there is ca. 5% of variation attributed to forest and ''montado'' that is independent of a geographic trend, and thus contribute to niche segregation in sympatric areas with both landscape units.
The avoidance of interspecific competition
The ecological niche differences found between species should allow, per se, local coexistence of the two pine voles. However, the area available for this coexistence is rather limited, and because field data supported that, we believe that local coexistence in the field is not common and a spatial segregation between species is evident in some areas. Still, it is not obvious why the sympatry area is so reduced. Geographic barriers to dispersal could prevent colonization by either species, but such large barriers are not evident in the study area. According to Case et al. (2005) , the presence of interspecific competition tends to sharpen range limits, and thus, this may have restricted the region of sympatry between two species along their evolutionary time. This agrees with other authors' suggestions regarding similar interpretations of parapatric distribution patterns (e.g., Arif et al. 2007) . Another explanation that might eliminate this apparent contradiction in our results is ''the ghost of competition'', that is, competition will become null when species occupy completely separate habitats, although a potentially high competition still might exist (Rosenzweig 1981; Morris 1999) . Within the framework of density-dependent habitat selection theories (e.g., Rosenzweig 1991; Morris 1999 Morris , 2003 , our study may correspond to a ''ghost'' region in a plot of two-species isolegs, that is, a region where each species occupies a different (micro) habitat. So, as long as densities of both species allows the maintenance of this ''ghost'' region, they are incapable of competing, although competition might have been responsible for the habitat segregation.
In the present context, we would have expected that the larger Mediterranean pine vole would exclude the smaller Lusitanian vole from the areas of higher habitat quality. In fact, dominance and aggression behaviors of one species towards another indicate that interference competition may be a common behavioral pattern among sympatric small mammal species (Eccard and Ylo¨nen 2003) . Besides, in small mammals, it is frequent that larger species emerge as superior competitors in a community (Grant 1972; Glazier and Eckert 2002 ; but see Koivisto et al. 2007) . Concerning the general small mammal needs (food and shelter) we would expect the habitat associated with the Lusitanian pine vole presence to be generally more suitable for pine voles than the one where the Mediterranean pine vole was found. However, these findings don't match with the general theory predictions of size influence (Grant 1972; Glazier and Eckert 2002) . Nevertheless, in a local area of sympatry in the Spanish Pyrenees, it was shown that soil depth and plant cover were the habitat factors discriminating the different sites occupied by the two species: while M. lusitanicus occupied areas of shallow soils and medium to sparse plant cover, M. duodecimcostatus was present in deeper soils and dense plant cover, thus in areas of higher habitat quality (Borghi et al. 1994 ). These results report to a 1-ha area, in a mountain environment at 2,000 m of altitude (Borghi et al. 1994) , and so comparisons with our data are difficult due to the differences in scale and environment. However it suggests that these mechanisms may be operating at an even smaller scale than the one analyzed in our study (e.g., the scale of individual interactions).
Moreover, in a previous national-scale work it was found that M. duodecimcostatus avoids regions with cambisols and prefers luvisols, while M. lusitanicus occurs in regions with opposite characteristics (Santos et al. 2009b ). When we overlay the referred national soil map with our regional presences of both species, we find that M. lusitanicus presences occurred only once outside the cambisol class, whereas M. duodecimcostatus occurred outside the luvisol class in six sites (figure not shown). Although the resolution of these soil classes may be too coarse for a regional approach, this indicates that M. duodecimcostatus is able to occupy a wider range of soil types, while M. lusitanicus may not. However, from the analysis of the sympatry map here presented, neither species consistently excludes the other, as both species show an equivalent number of presence sites within the estimated sympatry area. More intensive trapping in smaller patches with methods allowing for density estimations of each species within the regional sympatry area would be the only way to clarify the role of interference competition in the distribution patterns found in the studied area.
Yet, our results are still important because they show for the first time the predicted areas of co-occurrence of M. lusitanicus and M. duodecimcostatus at a regional scale, using kriging methods. We also demonstrate, using a multiscale approach, that regional niche differences between the two species are better explained by local-scale factors. Studies that compare habitat constraints in closely related and/or sympatric species are especially valuable for understanding mechanisms of coexistence patterns. The present study was a first step for disentangling the roles of habitat scale and spatial effects in the differentiation among presence sites of pine voles in a region of sympatry. Our results open the door for future tests and experiments on the reasons for the reduced size of the sympatric area. log, natural logarithm; P(0.5), square root; P(0.33), cubic root; 0-1, binary
